Introduction {#Sec1}
============

Total knee arthroplasty (TKA) is one of the most common orthopedic operations in elderly patients with end-stage osteoarthritis (OA), a degenerative disease greatly affecting the quality of life of older adults^[@CR1]^. TKA has been widely used in China due to its excellent mid-term prognosis^[@CR2]^. During orthopedic procedures such as TKA, tourniquets are generally applied to control blood loss and to maintain a relatively clear surgical field^[@CR3]^. However, when tourniquets are used, skeletal muscles can suffer from ischemia, while subsequent reperfusion into ischemic muscles can cause severe complications^[@CR4]^. Most importantly, ischemia-reperfusion (I/R) injury caused by the application of tourniquets can lead to oxidative muscle injury and muscle atrophy, which can hinder full functional recovery after TKA surgery. Nevertheless, how I/R injury affects the functions of human skeletal muscles at the cellular level remains poorly understood^[@CR5]^. Furthermore, increasing evidence has demonstrated the beneficial role of sevoflurane (Sevo) against I/R injury^[@CR6],[@CR7]^. In this study, we aimed to explore the molecular mechanisms underlying the protective role of Sevo against I/R injury after TKA.

Gene Expression Omnibus (GEO) is a public repository database for high-throughput gene sequencing, hybridization arrays, chips, and microarrays^[@CR8]^. A previous study reported the identification of differentially expressed lncRNAs using the GSE21164 microarray dataset from the GEO database^[@CR9]^. In the present study, muscleblind-like 1 antisense RNA 1 (MBNL1-AS1) was determined to be a differentially expressed lncRNA implicated in I/R injury after TKA. Based on data obtained from the Genotype-Tissue Expression (GTEx) project, a database on the variation of gene expression in human tissues^[@CR10]^, a correlation (log2-scale) was found between MBNL1-AS1 and potassium calcium-activated channel subfamily M alpha 1 (KCNMA1). Interestingly, in the present study, MBNL1-AS1 was also identified as a putative target gene of KCNMA1 based on the Multi-Experiment Matrix (MEM; <http://biit.cs.ut.ee/mem/>), a web resource of gene co-expression data arranged by different species and types of microarray platforms^[@CR11]^. Furthermore, previous Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses based on the WebGestalt database indicated that KCNMA1 participates in the cyclic guanosine monophosphate-protein kinase G (cGMP-PKG) signaling pathway, which plays critical roles in cellular functions^[@CR12]--[@CR14]^. Therefore, this study aimed to explore the role of MBNL1-AS1 in protecting the skeletal muscle cells of Sevo-pretreated mice against I/R injury after TKA and the role of KCNMA1 and the cGMP-PKG signaling pathway in the underlying molecular mechanism of MBNL1-AS1.

Materials and methods {#Sec2}
=====================

Ethics statement {#Sec3}
----------------

The experimental protocol and animal use plan in this study were approved by the Animal Ethics Committee of China-Japan Union Hospital of Jilin University.

Bioinformatics prediction {#Sec4}
-------------------------

The GSE21164 microarray dataset and probe files for TKA downloaded from the GEO database (<http://www.ncbi.nlm.nih.gov/geo>) were analyzed using the Affymetrix Human Genome U133 Plus 2.0 Array (Affymetrix, Santa Clara, CA). Background correction and normalization of GSE21164 were performed with the Affy installation package in R software^[@CR15]^. Identification of differentially expressed lncRNAs in GSE21164 was performed using an empirical Bayes method in conjunction with a linear model and *t*-test^[@CR16]^. Putative target genes of lncRNA were determined based on MEM (<http://biit.cs.ut.ee/mem/>). The target genes enriched in the cGMP-PKG pathway were ascertained using the KEGG pathway database and the WebGestalt database (<http://www.webgestalt.org>)^[@CR17]^.

Experimental animals and model establishment {#Sec5}
--------------------------------------------

A total of 60 healthy male Kunming mice (weight: 30 ± 2 g; age: 6--8 weeks) were obtained from the Institute of Laboratory Animal Science, Chinese Academy of Medical Sciences (Beijing, China). All mice were kept under specific temperature (18--22 °C), relative humidity (40--70%), and noise (\<50 dB) conditions, with ad libitum access to water and food in an animal room with a 12-h light/dark cycle. The mice were randomly assigned to a normal group, an I/R group and a Sevo group (I/R mice treated with Sevo after TKA), with 20 mice in each group.

During model establishment, the mice were fixed on a super-clean table, anesthetized by intraperitoneal injection of pentobarbital (30 mg/kg) and disinfected. Subsequently, an incision along the midline of the knee was opened through the skin, subcutaneous tissue, and articular capsule of each mouse. The articular capsule was then opened to expose the right knee joint. Next, a 1-mm section of articular cartilage was removed from the distal femur using an electric drill. A sterile prosthesis was then inserted into the intramedullary cavity of the femur using a homemade pointed cone. The incision was then cleaned and sutured. The mice were given intramuscular injection of gentamycin (200 U) continuously for 3 days. After 2 weeks of normal feeding, I/R was performed.

Before I/R, the mice in the Sevo group received 3 doses of 2.0% Sevo (0426, Fuso Pharmaceutical Industries, Ltd., Osaka, Japan) at 15 min intervals from a Sevo vaporizer (Draeger Medical, Lubeck, Germany).

Mice in the I/R and Sevo groups were then fixed on the operating table in a supine position, anesthetized by intraperitoneal injection of pentobarbital (30 mg/kg) and disinfected. Their femoral arteries were fixed and separated. An atraumatic artery clip was used to block the artery in each mouse for 5 h, and blood flow was restored 12 h later.

Two weeks later, the mice were anesthetized by intraperitoneal injection of 2% pentobarbital sodium. Subsequently, the knee joint cartilage was removed from each mouse and washed in ice-cold saline to remove the blood. After shearing and grinding, the knee joint cartilage was centrifuged at 3000 r/min for 15 min to prepare a tissue homogenate. Next, the supernatant was collected and stored in a 1.5-mL Eppendorf tube at −20 °C. At the same time, a section of the limb skeletal muscle was collected and stored in liquid nitrogen, while the remaining limb skeletal muscle was fixed in 10% formaldehyde, dehydrated in gradient alcohol for 24 h, and embedded in paraffin.

Hematoxylin--eosin (HE) staining {#Sec6}
--------------------------------

Skeletal muscle tissues collected from four mice in each group were sliced into 5 μm serial sections, followed by extension at 45 °C and 1 h drying at 60 °C. After being dewaxed in xylene and rehydrated, the sections were stained with hematoxylin (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) for 2 min, washed in tap water for 10 s, incubated for 10 s in alcohol containing 1% hydrochloric acid, and washed for 1 min in distilled water. Subsequently, the sections were counterstained with eosin and washed for 10 s in distilled water, followed by dehydration in gradient alcohol. Finally, the sections were cleared in xylene and mounted in neutral gum. Histological changes in skeletal muscle tissues were observed under an optical microscope (XP-330, Shanghai Bingyu Optical Instrument Co., Ltd., Shanghai, China).

Enzyme-linked immunosorbent assay (ELISA) {#Sec7}
-----------------------------------------

The concentrations of lactic dehydrogenase (LDH) and inflammatory factors, such as tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β), in plasma were determined using corresponding ELISA kits (LDH kit, No: 59-20044, TNF-α kit, No: 69-98069, and IL-1β kit, No: 69-98070). ELISA assays were carried out by strictly following the procedures provided by the manufacturer (Wuhan Moshake Biological Technology Co., Ltd., Wuhan, China).

Immunohistochemistry assay {#Sec8}
--------------------------

Sections were dewaxed twice in xylene (10 min each time) and dehydrated in graded ethanol (100, 95, 80, and 70%, 2 min each time). Subsequently, the sections were placed on a shaker and washed twice in distilled water (5 min each time). Next, the sections were incubated in 3% H~2~O~2~ for 10 min and washed with distilled water, followed by antigen repair at high pressure for 90 s. After being cooled to room temperature, the sections were washed with phosphate buffer saline (PBS), blocked with 5% bovine serum albumin (BSA) for 30 min at 37 °C, and then incubated overnight at 4 °C with rabbit anti-mouse KCNMA1 primary antibodies (1:100, CSB-EP012077PI, Cusabio Biotech Co., Ltd., Wuhan, China). After PBS washing, the sections were then incubated with biotinylated secondary antibodies (goat anti-rabbit immunoglobulin G (IgG); 1:100, SF8-0.3, Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) at 37 °C for 30 min. Subsequently, after being fully washed, the sections were incubated with horseradish peroxidase (HRP)-conjugated working fluid, stained with 3,3-diaminobenzidine (DAB, chromogenic agent), and counterstained for 5 min with hematoxylin. During this experiment, PBS was used as the negative control. After staining, cells showing a brownish yellow membrane or cytoplasm were determined to be KCNMA1 positive. Five fields of vision were chosen randomly for each section under a high-power lens to detect the localization of positive expression in skeletal muscle cells. The proportion of positive cells was determined to be the positive expression rate. The experiment was conducted 3 times.

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) {#Sec9}
----------------------------------------------------------------------

Skeletal muscle tissues were treated with 1 mL TRIzol^®^ reagent (Invitrogen Inc., Carlsbad, CA, USA) and grinded in an ice bath to extract total RNA according to the manufacturer's protocol. The purity and concentration of extracted RNA were measured by ultraviolet (UV) spectrophotometry (UV1901, Shanghai Aucy Technology Instrument Co., Ltd., Shanghai, China). RNA with A260/A280 values ranging from 1.8 to 2.0 was adjusted to a concentration of 50 ng/μL and used as a template for the RT reaction performed with a PrimeScript^TM^ RT Reagent Kit (RR047A, Takara, Beijing Think-far Technology Co., Ltd., Beijing, China). The RT reactions underwent 15 min reverse transcription at 37 °C and 5 s inactivation of reverse transcriptase at 85 °C. The total volume of the RT reaction system was 10 μL. The primers (shown in Table [1](#Tab1){ref-type="table"}) were designed using Primer Premier 5.0 software (Premier Biosoft International, Palo Alto, CA) and synthesized by Tsingke Biological Technology Co., Ltd. (Beijing, China)^[@CR18]^. Subsequently, RT-qPCR was performed on an ABI PRISM^®^ 7900HT apparatus (ABI 7900, Shanghai PuDi Biotech Co., Ltd., Shanghai, China) using a two-step method. The RT-qPCR reaction conditions included pre-denaturation at 95 °C for 30 s, and 40 cycles of denaturation at 95 °C for 5 s, annealing at 58 °C for 30 s, and extension at 72 °C for 15 s.  Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were used as internal references for RT-qPCR. The relative mRNA expression of target genes was calculated using the 2^−△△Ct^ method. Each target gene was tested in triplicate wells on the RT-qPCR plates for each sample.Table 1Primer sequences for RT-qPCRGeneSequenceMBNL1-AS1F: 5′-CTCCCGCTTCTACCGAC-3′R: 5′-TTGGTGCATTTAAGGCGGC-3′KCNMA1F: 5′-GCCCTGTTAGATGGTCCCTTTG-3′R: 5′-AGCCGGTAAATTCCAAAACAAAGC-3′PKGIIF: 5′-CCATCCCAAGTATCAAGC-3′R: 5′-GACATAGACATCGCCAAGTTTA-3′VASPF: 5′-TGCCTATCTGTTCACAACATGG-3′R: 5′-AAACGATCACAGTAGCCCG-3′VEGFF: 5′-GCAGGCTGCTGTAACGATGA-3′R: 5′-GCATGATCTGCATGGTGATGTT-3′BaxF: 5′-TCCCACATAACTCCCTCGACA-3′R: 5′-GGCGAAGCCAGCGAGAAGTCCC-3′Bcl-2F: 5′-GACAGAAGATCATGCCGTCC-3′R: 5′-CTTTGATGTCACGCACGATTTC-3′U6F: 5′-CTCGCTTCGGCAGCACA-3′R: 5′-AACGCTTCACGAATTTGCGT-3′TNNI1F: 5′-ATGCCGGAAGTTGAGAGGAAA-3′R: 5′-TCCGAGAGGTAACGCACCTT-3′MyogeninF: 5′-ATGGAGCTGTATGAGACATCCC-3′R: 5′-TTACACACCTTACATGCCCAC-3′αActininF: 5′-GATTCCCAGCAGACCAACGA-3′R: 5′-CAGGCTGTGAACGTCTTCCT-3′cyclin D1F: 5′-ATGGAAGGACCCTTGAGGC-3′R: 5′-CTTCACGGCTTGCTCGTTCT-3′cyclin D3F: 5′-CGAGCCTCCTACTTCCAGTG-3′R: 5′-GGACAGGTAGCGATCCAGGT-3′Cdc 42F: 5′-CCAAGACCCCAATTTACCTGAAA-3′R: 5′-CCCTCTTTGCCGATGTGTATAGT-3′GAPDHF: 5′-TTCACCACCATGGAGAAGGC-3′R: 5′-GGCATGGACTGTGGTCATGA-3′*RT-qPCR* reverse transcription quantitative polymerase chain reaction, *MBNL1-AS1* muscleblind-like 1 antisense RNA 1, *KCNMA1* potassium calcium-activated channel subfamily M alpha 1, *PKGII* type II cGMP-dependent protein kinase, *VASP* vasodilator-stimulated phosphoprotein, *VEGF* vascular endothelial growth factor, *Bcl-2* B-cell lymphoma/leukemia-2, *Bax* Bcl-2 associated X protein, *TNNI1* troponin I1, *Cdc 42* cell division cycle 42, *GAPDH* glyceraldehyde-3-phosphate dehydrogenase, *F* forward, *R* reverse

For RT-qPCR, each experiment consisted of pre-denaturation at 95 °C for 30 s, followed by 35 cycles of denaturation at 95 °C for 30 s, annealing at 58 °C for 30 s, and extension at 72 °C for 30 s. GAPDH was used as the internal reference for RT-PCR. Subsequently, electrophoresis was conducted, and each experiment was carried out 3 times.

Western blot analysis {#Sec10}
---------------------

Skeletal muscle tissues (30 mg in each group) were ground to a uniform powder at low temperature, washed 3 times with PBS, lysed with protein lysis buffer, incubated on ice for 20 min, and subsequently centrifuged at 12,000 r/min for 20 min. The supernatant was then collected, and protein concentration in the supernatant was determined using a bicinchoninic acid (BCA) protein assay kit (P0012-1; Beyotime Institute of Biotechnology Co., Shanghai, China). Cells in the logarithmic growth phase were centrifuged at 3000 r/min and 4 °C for 20 min to estimate the packed cell volume (PCV). Subsequently, 20 μL of PCV cells were lysed for 30 min with 100 μL of lysis buffer (containing 1 μL of enzyme inhibitor, 111111111, Roche; Beijing Jiamay Biotechnology Co., Ltd., Beijing, China) and centrifuged at 12,000 r/min and 4 °C for 10 min to collect the supernatant protein for Western blot analysis. The protein samples (50 µg in each group) were dissolved in 2× sodium dodecyl sulfate (SDS) sample buffer, boiled for 10 min, separated by 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE), and transferred onto a polyvinylidene difluoride (PVDF) membrane. The membrane was then blocked in 5% skimmed milk at room temperature for 1 h, washed twice with PBS, and then incubated overnight at 4 °C with diluted rabbit anti-mouse primary antibodies against KCNMA1 (1:1000, MAB8589; AmyJet Scientific Inc., Wuhan, China), PKGII (1:1000, ab145063; Abcam, Inc., Cambridge, MA, USA), VASP (1:1000, ab58555; Abcam, USA), VEGF (1:1000, ab32152; Abcam, USA), Bax (1:1000, ab32503; Abcam, USA), Bcl-2 (1:1000,  ab59348; Abcam, USA), Cyclin D1 (1:1000, ab134175, Abcam, USA), Cyclin D3 (1:1000, ab28283, Abcam, USA), Cdc 42 (1:1000, ab187643, Abcam, USA), caspase-3 (1:1000, ab208161, Abcam, USA), and PARP (1:1000, ab32064, Abcam, USA). After being washed 3 times in Tris-buffered saline tween-20 (TBST), the membrane was incubated with HRP-labeled goat anti-rabbit IgG secondary antibodies (1:5000) for 1 h and washed 3 times with TBST (5 min each time). An enhanced chemiluminescence (ECL) kit was then used for coloration. After liquid removal, the membrane was exposed to X-ray, and the absorbance of protein bands was analyzed using a gel imaging analysis system. In the analysis, GAPDH was used as the internal reference. Relative protein expression was calculated based on the ratio of the average absorbance of the target protein band to that of the internal reference band. Each experiment was conducted 3 times.

Cell treatment {#Sec11}
--------------

Skeletal muscle tissues were randomly chosen from the normal and Sevo groups, rinsed and placed in clean and dry culture dishes. After being cut into small sections, the samples were sterilized with 0.01 M PBS (pH 7.6), centrifuged at 800 r/min for 5 min at room temperature, and digested with 0.5 mg/mL Type IV collagenase (17101-015; Gibco Company, Grand Island, NY, USA) at 37 °C for 15 min to collect the supernatant. The supernatant was then filtered with 40-μm cell mesh and centrifuged at 800 r/min for 5 min to collect the cells into a pellet. Subsequently, the cells were resuspended to a density of 2.5 × 10^7^ cells/mL in RPMI 1640 (22400089; Gibco Company, Grand Island, NY, USA) medium containing 15% fetal bovine serum (FBS), seeded in a 6-well plate and cultured at 37 °C and 5% CO~2~ with saturate humidity. The culture medium was replaced every 2--3 days. After the single-layer cells reached approximately 80--90% confluence, they were passaged.

Cells in the logarithmic growth phase were divided into a control (skeletal muscle cells of normal mice), a blank group (skeletal muscle cells of mice in the Sevo group), a negative control group (NC; skeletal muscle cells of mice in the Sevo group and underwent no transfection), a MBNL1-AS1 vector group (skeletal muscle cells of Sevo mice transfected with MBNL1-AS1), a si-MBNL1-AS1\#1 group (skeletal muscle cells of Sevo mice transfected with si-MBNL1-AS1), a si-MBNL1-AS1\#2 group (skeletal muscle cells of Sevo mice transfected with si-MBNL1-AS1), a si-KCNMA1\#1 group (skeletal muscle cells of Sevo mice transfected with si-KCNMA1), a si-KCNMA1\#2 group (skeletal muscle cells of Sevo mice transfected with si-KCNMA1), and a si-MBNL1-AS1 + si-KCNMA1 group (skeletal muscle cells of Sevo mice transfected with si-MBNL1-AS1\#1 and si-MBNL1-AS1\#2 + si-KCNMA1\#1 and si-KCNMA1\#2) group. Lipofectamine (lipo) 2000 (Invitrogen, Inc., Carlsbad, CA, USA) was used for transfection per the manufacturer's instructions. At 24--48 h after transfection, the cells were harvested.

Immunofluorescence assay {#Sec12}
------------------------

Cells were seeded onto a 96-well plate at a density of 1 × 10^5^/mL and fixed in 4% polyoxymethylene for 15 min. After being washed thrice with PBS, the cells were treated with 0.5% TritonX 100 for 10 min and blocked with 5% goat serum at room temperature for 1 h. Subsequently, the cells were incubated with primary antibodies (ab9465 1: 500 αActinin, ab1835 1:500 TNNI1, and ab85087 1:50 Myogenin, Abcam, London, UK) at 4 °C overnight and then washed with PBS. Next, the cells were incubated with secondary antibodies at room temperature in the dark for 1 h. Finally, the cell nuclei were stained with 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI) for 5 min, and the fluorescence signal in each sample was observed.

Dual-luciferase reporter gene assay {#Sec13}
-----------------------------------

Putative target genes of lncRNA MBNL1-AS1 were determined using the program lncRNATargets (<http://www.herbbol.org:8001/lrt/>). Human embryonic kidney 293T (HEK-293T) cells were inoculated in a 24-well plate for 24 h and then co-transfected with luciferase reporter gene vectors KCNMA1 (pmiRRB- KCNMA1-3′UTR) + MBNL1-AS1 or siRNA-MBNL1-AS1, respectively. At 48 h after transfection, HEK-293FT cells were harvested, washed 2 times with PBS, and lysed. The luciferase reporter activity was detected using a Dual-Luciferase^®^ Reporter Assay System (E1910; Promega, Madison, WI, USA). The relative luciferase reporter activity was calculated as the ratio of firefly luciferase activity to the luciferase activity of the Renilla internal control. The experiment was repeated 3 times.

RNA-immunoprecipitation (RIP) {#Sec14}
-----------------------------

Using PCR, the 5′ end of the MBNL1-AS1 gene was connected to a T7 promoter sequence (5′AGTAATACGACTCACTATAGGG3′). Subsequently, the products were extracted using a QIAquick Gel Extraction Kit (28704, Qiagen West Sussex, UK). Purified biotin-labeled MBNL1-AS1 RNA was transcribed in vitro with a MEGAshortscript™ T7 Transcription Kit (AM1354, Thermo Fisher Scientific, Waltham, MA, USA). Subsequently, we used a Pierce™ Magnetic RNA-Protein Pull-Down Kit (20164, Thermo Fisher Scientific) to pull down the proteins that interacted with RNA. Finally, the proteins were detected by Western blot analysis.

3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay {#Sec15}
----------------------------------------------------------------------------

At 48 h after transfection, cells from each group were harvested and resuspended in Dulbecco's minimum essential medium (DMEM) containing 10% FBS to a density of 1 × 10^5^ cells/mL, which was then inoculated in a 96-well plate in 100 μL/well of medium. The cells were then cultured at 37 °C and under 5% CO~2~. At 24, 48, and 72 h of cell culture, 10 μL MTT (5 mg/mL; Sigma-Aldrich Chemical Company, St Louis, MO, USA) solution was added to the cells, which were further cultured for 4 h before the supernatant was discarded. Subsequently, 150 μL dimethyl sulphoxide (DMSO) was added to each well, and the optical density (OD) value of each well was measured by an automatic plate reader (Bio-Rad Laboratories, Hercules, CA, USA) at a wavelength of 490 nm. The experiment was repeated 3 times.

5-Ethynyl-2′-deoxyuridine (EdU) assay {#Sec16}
-------------------------------------

Cells were seeded in triplicate onto a 96-well plate. On the following day, complete medium containing 50 µM EdU was added to the cells, which were further incubated at 5% CO~2~ and 37 °C for 2 h. After being washed thrice with PBS, the cells were fixed in 4% polyoxymethylene and then treated with 0.5% TritonX 100 for 5 min and incubated with an Apollo dye for 30 min. Subsequently, the cells were rinsed 3 times with 0.5% TritonX 100 and methanol and stained with DAPI for visualization and analysis. The experiment was repeated 3 times.

Flow cytometry {#Sec17}
--------------

At 48 h after transfection, the cells were treated with 0.25% trypsin, and the cell density was adjusted to 1 × 10^6^ cells/mL. Subsequently, 1 mL of cells was centrifuged at 1500 r/min for 10 min to collect the pellet, which was then fixed with 70% alcohol overnight at 4 °C. The next day, the cells were washed twice with PBS, and 100 μL of cell suspension was incubated in the dark for 30 min with 50 μg of RNAase-containing propidium iodide (PI, 40710ES03; Shanghai Qianchen Biological Technology Co., Ltd., Shanghai, China). Finally, after filtering the cells with a 100-mesh nylon net, the cell cycle in each sample was analyzed at a wavelength of 488 nm on a flow cytometer (BD Falcon, Franklin Lakes, NJ, USA).

Fluorescein isothiocyanate-labeled Annexin V/PI (Annexin V-FITC/PI) double-staining was used for the detection of cell apoptosis. In brief, after culturing the cells in a 5% CO~2~ incubator at 37 °C for 48 h, the cells were washed with PBS, centrifuged, and resuspended in 200 μL binding buffer. After adding 10 μL of Annexin V-FITC (ab14085; Abcam, Inc., MA, USA) and 5 μL of PI, the cells were incubated for 15 min at room temperature in the dark before 300 μL of binding buffer was added to each sample. Cell apoptosis was then analyzed at a wavelength of 488 nm on a flow cytometer (BD Falcon, Franklin Lakes, NJ, USA).

Statistical analysis {#Sec18}
--------------------

Data were analyzed using SPSS 21.0 software (IBM Corp., Armonk, NY, USA). Measurement data were expressed as the mean ± standard deviation. Comparisons between two groups were performed by *t*-test, while comparisons among multiple groups were performed by one-way analysis of variance (ANOVA). A *p* value of \<0.05 was considered statistically significant.

Results {#Sec19}
=======

Identification of differentially expressed lncRNAs {#Sec20}
--------------------------------------------------

Initially, we used the GSE21164 microarray dataset from the GEO database to identify a differentially expressed lncRNA, MBNL1-AS1, which was overexpressed in I/R mice after TKA (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1Heatmap of differentially expressed lncRNAs plotted according to the GSE21164 microarray dataset from the GEO database.GEO Gene Expression Omnibus, lncRNA long noncoding RNA

KCNMA1 was a target gene of MBNL1-AS1 {#Sec21}
-------------------------------------

Subsequently, to verify the relationship between MBNL1-AS1 and KCNMA1, we conducted target gene prediction using MEM. As shown in Supplementary Table [1](#MOESM1){ref-type="media"}, KCNMA1 was found to be a target gene of MBNL1-AS1. Subsequently, KEGG enrichment analysis based on the WebGestalt database indicated that KCNMA1 was involved in the cGMP-PKG signaling pathway.

Histological changes in skeletal muscle tissues {#Sec22}
-----------------------------------------------

In the next step, we observed histological changes in skeletal muscle tissues using HE staining, and the results are shown in Fig. [2](#Fig2){ref-type="fig"}. Skeletal muscle tissues in the normal group showed regularly arranged muscle fibers with clear bands, pink cytoplasm, and no signs of inflammatory cell infiltration, while the skeletal muscle tissues in the I/R group showed necrotic and disordered muscle fibers as well as signs of inflammatory cell infiltration, with a small amount of central nuclear fiber. The skeletal muscle tissues in the Sevo group mostly showed nicely arranged skeletal muscles with a small amount of inflammatory cell infiltration.Fig. 2Images of skeletal muscle tissues of mice after hematoxylin--eosin staining in the normal, I/R, and Sevo groups (×400).I/R ischemia-reperfusion, Sevo sevoflurane; the arrows point to the infiltration of inflammatory cells; scale bar = 25 µm; the experiment was repeated 3 times

LDH, TNF-α, and IL-1β were increased in mice with I/R injury after TKA {#Sec23}
----------------------------------------------------------------------

We also used ELISA to measure the concentrations of LDH, TNF-α, and IL-1β in the plasma of the normal, I/R and Sevo groups. As shown in Table [2](#Tab2){ref-type="table"} and compared with the normal group, the concentrations of LDH, TNF-α, and IL-1β in the I/R and Sevo groups were significantly increased (*p* \< 0.05). In comparison with the I/R group, the Sevo group showed decreased concentrations of LDH, TNF-α, and IL-1β (*p* \< 0.05), suggesting that the concentrations of LDH, TNF-α, and IL-1β might be higher in mice with I/R injury after TKA.Table 2ELISA confirms LDH, TNF-α, and IL-1β are increased in mice with I/R injury after TKAGroupTNF-α (ng/L)IL-1β (ng/L)LDH (U/L)Normal35.13 ± 2.4368.74 ± 4.25201.83 ± 11.43I/R98.16 ± 8.92\*187.13 ± 8.27\*458.62 ± 25.52\*Sevo67.53 ± 5.14\*^\#^146.26 ± 7.42\*^\#^314.27 ± 21.52\*^\#^*I/R* ischemia-reperfusion, *Sevo* sevoflurane, *LDH* lactic dehydrogenase, *TNF-α* tumor necrosis factor-α, *IL-1β* interleukin-1β, *ELISA* enzyme-linked immunosorbent assay\**p* \< 0.05 vs. the normal group; ^\#^*p*  \< 0.05 vs. the I/R group; *n* = 10; measurement data were expressed as mean ± standard deviation and comparisons among multiple groups were assessed by one-way ANOVA; the experiment was repeated for 3 times

Positive expression rate of KCNMA1 was down-regulated in mice with I/R injury after TKA {#Sec24}
---------------------------------------------------------------------------------------

To clarify how KCNMA1 was expressed in mice with I/R injury after TKA, we performed immunohistochemistry assays. Results indicating positive expression of KCNMA1 in skeletal muscle tissues are shown in Fig. [3](#Fig3){ref-type="fig"}. KCNMA1 was mainly expressed in the cytoplasm, and the cells with brownish yellow cytoplasm were determined to be KCNMA1 positive. Compared with the normal group, the positive expression rate of KCNMA1 in the I/R and Sevo groups was markedly decreased (*p* \< 0.05). In comparison with the I/R group, the Sevo group showed elevated KCNMA1 expression (*p* \< 0.05), suggesting that KCNMA1 might be poorly expressed in I/R injury after TKA.Fig. 3Immunohistochemistry assays showed the positive expression rate of KCNMA1 (×400).**a** Images of skeletal muscle tissues acquired after immunohistochemistry assays. **b** Positive expression rate of KCNMA1. I/R ischemia-reperfusion, Sevo sevoflurane, KCNMA1 potassium calcium-activated channel subfamily M alpha 1; \**p* \< 0.05 vs. the normal group; ^\#^*p* \< 0.05 vs. the I/R group; scale bar = 25 µm; *n* = 10; measurement data are expressed as the mean ± standard deviation. Comparisons among multiple groups were performed by one-way ANOVA; the experiment was repeated 3 times

High expression of MBNL1-AS1 and low expression of KCNMA1 and cGMP-PKG pathway-related factors in mice with I/R injury after TKA {#Sec25}
--------------------------------------------------------------------------------------------------------------------------------

To measure MBNL1-AS1, KCNMA1, and cGMP-PKG mRNA expression in mice with I/R injury after TKA, we performed RT-qPCR. As presented in Fig. [4a](#Fig4){ref-type="fig"}, KCNMA1, PKGII, VASP, VEGF, Bcl-2, Cyclin D1, Cyclin D3, and Cdc 42 mRNA expression was reduced in the I/R and Sevo groups compared with that in the normal group, but MBNL1-AS1 and Bax mRNA expression was elevated (*p* \< 0.05). Compared with the I/R group, KCNMA1, PKGII, VASP, VEGF, Bcl-2, Cyclin D1, Cyclin D3, and Cdc 42 mRNA expression was increased in the Sevo group, while MBNL1-AS1 and Bax mRNA expression was decreased (*p* \< 0.05).Fig. 4MBNL1-AS1 was highly expressed, but KCNMA1 and cGMP-PKG pathway-related factors were poorly expressed in mice with I/R injury after TKA.**a** Relative mRNA expression of MBNL1-AS1, KCNMA1, PKGII, VASP, VEGF, Bax, and Bcl-2 in the skeletal muscle tissues of mice detected by RT-qPCR. **b** Protein bands observed after Western blot analysis. **c** Relative protein levels of KCNMA1, PKGII, VASP, p-PKGII, p-VASP, VEGF, Bax, and Bcl-2 in skeletal muscle tissues of mice evaluated by Western blot analysis. I/R ischemia-reperfusion, Sevo sevoflurane, MBNL1-AS1 muscleblind-like 1 antisense RNA 1, KCNMA1 potassium calcium-activated channel subfamily alpha 1, PKGII type II cyclic guanosine monophosphate-dependent protein kinase G, VASP vasodilator-stimulated phosphoprotein, VEGF vascular endothelial growth factor, Bcl-2 B-cell lymphoma/leukemia-2, Bax Bcl-2 associated X protein, GAPDH glyceraldehyde-3-phosphate dehydrogenase; \**p* \< 0.05 vs. the normal group; ^\#^*p* \< 0.05 vs. the I/R group; *n* = 10; measurement data are expressed as the mean ± standard deviation. Comparisons among multiple groups were performed by one-way ANOVA; the experiment was repeated 3 times

To measure the protein levels of MBNL1-AS1, KCNMA1 and cGMP-PKG in mice with I/R injury after TKA, we performed Western blot analyses. As shown in Fig. [4b, c](#Fig4){ref-type="fig"}, in comparison with the normal group, the protein levels of KCNMA1, PKGII, VASP, p-PKGII, p-VASP, VEGF, Bcl-2, Cyclin D1, Cyclin D3 and Cdc 42 were decreased in the I/R and Sevo groups, but the protein level of Bax was elevated (*p* \< 0.05). The protein levels of KCNMA1, PKGII, VASP, p-PKGII, p-VASP, VEGF, Bcl-2, Cyclin D1, Cyclin D3 and Cdc 42 were increased in the Sevo group compared with those in the I/R group, but the protein levels of Bax, cleaved caspase-3, and cleaved PARP were reduced (*p* \< 0.05). These results suggested that in the normal group, MBNL1-AS1 was poorly expressed but KCNMA1 was over-expressed and that the cGMP-PKG pathway was activated.

MBNL1-AS1 targeted and negatively regulated KCNMA1 {#Sec26}
--------------------------------------------------

Our previous prediction of target genes indicated that the mRNA of MBNL1-AS1 contained the binding site for KCNMA1 in its 3′ untranslated region (3′ UTR) (Fig. [5a](#Fig5){ref-type="fig"}). Compared with the NC group, the relative luciferase activity was decreased in the MBNL1-AS1 vector group but was elevated in the siRNA-MBNL1-AS1\#1 and siRNA-MBNL1-AS1\#2 groups (*p* \< 0.05) (Fig. [5b](#Fig5){ref-type="fig"}). The results from the RIP assay showed no interaction between MBNL1-AS1 and KCNMA1 (Fig. [5c](#Fig5){ref-type="fig"}). These results suggested that MBNL1-AS1 might bind to KCNMA1 mRNA and inhibit its activity.Fig. 5MBNL1-AS1 targeted and negatively regulated KCNMA1.**a** The predicted consequential pairing between MBNL1-AS1 and KCNMA1. **b** Relative luciferase activity in the NC, MBNL1-AS1 vector, and siRNA-MBNL1-AS1 groups determined by the dual-luciferase reporter gene assay. **c** RIP results in each group. MBNL1-AS1 muscleblind-like 1 antisense RNA 1, KCNMA1 potassium calcium-activated channel subfamily M alpha 1, si small interfering, NC negative control; \**p* \< 0.05 vs. the NC group; measurement data are expressed as the mean ± standard deviation. Comparisons among multiple groups were performed by one-way ANOVA; the experiment was repeated 3 times

Identification of skeletal muscle cells was confirmed {#Sec27}
-----------------------------------------------------

To confirm that the cells used in this experiment were skeletal muscle cells, we used RT-PCR and immunofluorescence tests. Figure [6](#Fig6){ref-type="fig"} shows that αActinin, TNNI1, and Myogenin were positively expressed in these cells, suggesting that the cells used in this experiment were indeed skeletal muscle cells.Fig. 6RT-PCR and immunofluorescence tests identified skeletal muscle cells.**a** RT-PCR results of αActinin, TNNI1, and Myogenin. **b** Immunofluorescence results of αActinin, TNNI1, and Myogenin (×200); scale bar = 25 µm; the experiment was repeated 3 times

MBNL1-AS1 lowered the expression of KCNMA1 and cGMP-PKG pathway-related genes in skeletal muscle cells {#Sec28}
------------------------------------------------------------------------------------------------------

In the subsequent experiment, we used RT-qPCR to assess the effects of MBNL1-AS1 on the mRNA expression of KCNMA1 and cGMP-PKG-related genes (shown in Fig. [7](#Fig7){ref-type="fig"}). Compared with the control group, KCNMA1, PKGII, VASP, VEGF, Bcl-2, Cyclin D1, Cyclin D3, and Cdc 42 mRNA expression was elevated in the blank, NC, MBNL1-AS1 vector, si-MBNL1-AS1\#1, si-MBNL1-AS1\#2, si-KCNMA1\#1, si-KCNMA1\#2, and si-MBNL1-AS1 + si-KCNMA1 groups, but MBNL1-AS1 and Bax mRNA expression was decreased (*p* \< 0.05). In comparison with the blank and NC groups, MBNL1-AS1 mRNA expression was increased in the MBNL1-AS1 vector group, but Bax mRNA expression was elevated in the MBNL1-AS1 vector, si-KCNMA1\#1 and si-KCNMA1\#2 groups. In addition, KCNMA1, PKGII, VASP, VEGF, Bcl-2, Cyclin D1, Cyclin D3, and Cdc 42 mRNA expression was also reduced in the MBNL1-AS1 vector, si-KCNMA1\#1 and si-KCNMA1\#2 groups. Furthermore, KCNMA1, PKGII, VASP, VEGF, Bcl-2, Cyclin D1, Cyclin D3, and Cdc 42 mRNA expression was increased in the si-MBNL1-AS1\#1 and si-MBNL1-AS1\#2 groups, but the expression of MBNL1-AS1 and Bax was decreased (*p* \< 0.05). In the si-MBNL1-AS1 + si-KCNMA1 group, only MBNL1-AS1 mRNA expression was decreased (*p* \> 0.05). (Because the results of groups \#1 and \#2 were similar, only the results of one group were shown.)Fig. 7RT-qPCR and Western blot analysis demonstrated that MBNL1-AS1 reduced the expression of KCNMA1 and cGMP-PKG signaling pathway-related genes.**a** RT-qPCR measured the relative mRNA expression of MBNL1-AS1, KCNMA1, PKGII, VASP, VEGF, Bax, and Bcl-2 in skeletal muscle cells after transfection. **b** Protein bands measured by Western blot analysis. **c** Western blot analysis measured the relative protein levels of KCNMA1, PKGII, VASP, p-PKGII, p-VASP, VEGF, Bax, and Bcl-2 in skeletal muscle cells after transfection. MBNL1-AS1 muscleblind-like 1 antisense RNA 1, KCNMA1 potassium calcium-activated channel subfamily M alpha 1, PKGII type II cyclic guanosine monophosphate-dependent protein kinase G, p-PKGII phosphorylated-PKGII, VASP vasodilator-stimulated phosphoprotein, p-VASP phosphorylated-VASP, VEGF vascular endothelial growth factor, Bcl-2 B-cell lymphoma/leukemia-2, Bax Bcl-2 associated X protein, si small interfering, GAPDH glyceraldehyde-3-phosphate dehydrogenase, NC negative control; \**p* \< 0.05 vs. the control group; ^\#^*p* \< 0.05 vs. the blank and NC groups; measurement data are expressed as the mean ± standard deviation. Comparisons among multiple groups were done. Comparisons among multiple groups were performed by one-way ANOVA; the experiment was repeated 3 times

Using Western blot analysis, we also assessed the effects of MBNL1-AS1 on the mRNA expression of KCNMA1 and cGMP-PKG-related genes (shown in Fig. [7](#Fig7){ref-type="fig"}). In comparison with those in the control group, the protein levels of KCNMA1, PKGII, VASP, p-PKGII, p-VASP, VEGF, Bcl-2, Cyclin D1, Cyclin D3, and Cdc 42 were increased in the blank, NC, MBNL1-AS1 vector, si-MBNL1-AS1\#1, si-MBNL1-AS1\#2, si-KCNMA1\#1, si-KCNMA1\#2, and si-MBNL1-AS1 + si-KCNMA1 groups, but the protein levels of Bax, cleaved caspase-3, and cleaved PARP were reduced in these groups (*p* \< 0.05). Compared with those in the blank and NC groups, the protein levels of KCNMA1, PKGII, VASP, p-PKGII, p-VASP, VEGF, Bcl-2, Cyclin D1, Cyclin D3, and Cdc 42 were decreased in the MBNL1-AS1 vector, si-KCNMA1\#1, and si-KCNMA1\#2 groups, but the protein levels of Bax, cleaved caspase-3, and cleaved PARP were increased in these groups. While the protein levels of KCNMA1, PKGII, VASP, p-PKGII, p-VASP, VEGF, Bcl-2, Cyclin D1, Cyclin D3, Cdc 42, cleaved caspase-3, and cleaved PARP were all elevated in the si-MBNL1-AS1\#1 and si-MBNL1-AS1\#2 groups, the protein levels of Bax, cleaved caspase-3, and cleaved PARP (*p* \< 0.05) were decreased in these groups. These results indicated that the KCNMA1 and cGMP-PKG pathways might be negatively regulated by MBNL1-AS1, while the overexpression of KCNMA1 could increase the expression of cGMP-PKG pathway-related proteins suppressed by the overexpression of MBNL1-AS1.

MBNL1-AS1 inhibited the proliferation of skeletal muscle cells {#Sec29}
--------------------------------------------------------------

Using MTT and EdU assays, we investigated the effects of MBNL1-AS1 on skeletal muscle cell proliferation. As shown in Fig. [8](#Fig8){ref-type="fig"}, the OD values of skeletal muscle cells among the seven groups started to show significant differences after 48 h of cell culture. Compared with cells in the control group (*p* \< 0.05), cells in the blank, NC, MBNL1-AS1 vector, si-MBNL1-AS1\#1, si-MBNL1-AS1\#2, si-KCNMA1\#1, si-KCNMA1\#2, and si-MBNL1-AS1 + si-KCNMA1 groups began to grow faster after 48 h. In comparison with cells in the blank and NC groups, cells in the MBNL1-AS1 vector and si-KCNMA1 groups grew slower but grew faster in the si-MBNL1-AS1\#1 and si-MBNL1-AS1\#2 groups (*p* \< 0.05), while no significant differences were shown in the si-MBNL1-AS1 + si-KCNMA1 group (*p* \> 0.05). The results of the EdU assay were consistent with those of the MTT assay. In comparison with the blank and NC groups, the cells in the MBNL1-AS1 vector, si-KCNMA1\#1, and si-KCNMA1\#2 groups grew slower, but the cells in the si-MBNL1-AS1\#1 and si-MBNL1-AS1\#2 groups (*p* \< 0.05) grew faster, while no obvious differences were found in the si-MBNL1-AS1 + si-KCNMA1 group (*p* \> 0.05). (Because the results of \#1 and \#2 were similar, only the results from one group are shown.) These results showed that MBNL1-AS1 could inhibit the proliferation of skeletal muscle cells, while KCNMA1 could promote cell growth. In addition, the overexpression of KCNMA1 alleviated the inhibitory effect of MBNL1-AS1 on the proliferation of skeletal muscle cells.Fig. 8MTT and EdU assays showed that MBNL1-AS1 inhibited the proliferation of skeletal muscle cells.**a** Cell proliferation in each group as measured by MTT. **b** Cell proliferation in each group as measured by EdU. **c** Cell proliferation in each group as measured by EdU (×50). OD optical density, MBNL1-AS1 muscleblind-like 1 antisense RNA 1, KCNMA1 potassium calcium-activated channel subfamily M alpha 1, si small interfering, NC negative control; \**p* \< 0.05 vs. the control group; ^\#^*p* \< 0.05 vs. the blank and NC groups; scale bar = 200 µm; the experiment was repeated 3 times

MBNL1-AS1 promoted the apoptosis of skeletal muscle cells {#Sec30}
---------------------------------------------------------

PI staining was performed to evaluate the effects of MBNL1-AS1 on cell cycle distribution (Fig. [9a](#Fig9){ref-type="fig"}). Compared with the control group, the number of cells in G0/G1 phase was decreased in the blank, NC, MBNL1-AS1 vector, si-MBNL1-AS1\#1, si-MBNL1-AS1\#2, si-KCNMA1\#1, si-KCNMA1\#2, and si-MBNL1-AS1 + si-KCNMA1 groups, but the number of cells in S phase was increased in these groups (*p* \< 0.05). In comparison with the blank and NC groups, the number of cells in G0/G1 phase was increased in the MBNL1-AS1 vector, si-KCNMA1\#1, and si-KCNMA1\#2 groups, but the number of cells in S phase was decreased in these groups. In addition, the number of cells in G0/G1 phase was decreased in the si-MBNL1-AS1\#1 and si-MBNL1-AS1\#2 groups, while the number of cells in S phase was increased in these groups (*p* \< 0.05). Furthermore, no significant differences were shown in the si-MBNL1-AS1 + si-KCNMA1 group (*p* \> 0.05). Annexin V-FITC/PI staining was conducted to evaluate the effects of MBNL1-AS1 on cell apoptosis (Fig. [9b](#Fig9){ref-type="fig"}). Compared with that in the control group, the apoptosis rate of skeletal muscle cells was reduced in the other six groups. In comparison with that in the blank and NC groups, the cell apoptosis rate was elevated in the MBNL1-AS1 vector, si-KCNMA1\#1, and si-MBNL1-AS1\#2 groups (*p* \< 0.05), while the apoptosis rate was decreased in the si-MBNL1-AS1\#1 and si-MBNL1-AS1\#2 groups (*p* \< 0.05). In addition, no significant differences were observed in the si-MBNL1-AS1 + si-KCNMA1 group. These results suggested that MBNL1-AS1 could promote the apoptosis of skeletal muscle cells, while KCNMA1 could inhibit the apoptosis of these cells. In addition, the overexpression of KCNMA1 alleviated the effect caused by MBNL1-AS1 overexpression (Table [3](#Tab3){ref-type="table"}).Fig. 9Flow cytometry showed that MBNL1-AS1 promoted the apoptosis of skeletal muscle cells.**a** Cell cycle of skeletal muscle cells in seven groups as detected by flow cytometry. **b** Apoptosis of skeletal muscle cells in seven groups as detected by flow cytometry. MBNL1-AS1 muscleblind-like 1 antisense RNA 1, KCNMA1 potassium calcium-activated channel subfamily M alpha 1, si small interfering, NC negative control; \**p* \< 0.05 vs. the control group; ^\#^*p* \< 0.05 vs. the blank and NC groups; measurement data are expressed as the mean ± standard deviation. Comparisons among multiple groups were performed by one-way ANOVA; the experiment was repeated 3 timesTable 3Apoptosis rate and cell cycle distribution of skeletal muscle cells among seven groupsGroupApoptosis rate (%)G0/G1 (%)S (%)G2/M (%)Control6.45 ± 0.5171.35 ± 5.1218.84 ± 1.139.81 ± 0.81Blank3.36 ± 0.32\*53.37 ± 3.2735.72 ± 2.4110.91 ± 1.02NC3.47 ± 0.31\*53.61 ± 3.6234.67 ± 2.7111.72 ± 1.11MBNL1AS1 vector5.21 ± 0.49\*^\#^62.94 ± 4.71\*^\#^27.14 ± 1.73\*^\#^9.92 ± 0.93si-MBNL1AS1\#11.28 ± 0.11\*^\#^45.42 ± 3.84\*^\#^43.25 ± 3.61\*^\#^11.33 ± 1.12si-MBNL1AS1\#21.22 ± 0.23\*^\#^43.33 ± 2.47\*^\#^43.33 ± 2.47\*^\#^43.33 ± 2.47\*^\#^si-KCNMA1\#15.33 ± 0.48\*^\#^63.16 ± 5.1226.33 ± 1.7310.51 ± 1.01si-KCNMA1\#24.97 + 1.1\*^\#^61.89 ± 3.4425.08 ± 1.2310.34 ± 1.45si-MBNL1AS1 + si-KCNMA13.42 ± 1.31\*58.72 ± 4.2231.15 ± 2.6310.13 ± 1.03*MBNL1-AS1* muscleblind-like 1 antisense RNA 1, *KCNMA1* potassium calcium-activated channel subfamily M alpha 1, *si* small interfering, *NC* negative control\**p* \< 0.05 vs. the control group; ^\#^*p* \< 0.05 vs. the blank and NC groups; measurement data were expressed as mean ± standard deviation and comparisons among multiple groups were assessed by one-way ANOVA; the experiment was repeated for 3 times

Discussion {#Sec31}
==========

As the most common degenerative joint disorder, OA is a major cause of pain and disability worldwide, and the medical therapy of its complications remains ineffective due to poor understanding of its pathogenesis^[@CR19]^. In end-stage knee OA, TKA might be the best choice for treatment, but it also places patients at serious risk of I/R injury^[@CR20],[@CR21]^. In our experiment, a mouse model of I/R injury after TKA was successfully established, and the collective results demonstrated that down-regulated MBNL1-AS1 might increase the expression of KCNMA1 through activation of the cGMP-PKG signaling pathway, which in turn resulted in the promotion of skeletal muscle cell proliferation and the suppression of their apoptosis. Therefore, down-regulated MBNL1-AS1 might protect Sevo-pretreated mice against I/R injury after TKA.

Sevo has achieved initial success in protecting against I/R injury^[@CR6],[@CR7]^. Unfortunately, several studies have indicated that the inhalation of Sevo might cause apoptosis in the brain tissues of neonatal mice^[@CR22],[@CR23]^. lncRNA, a noncoding RNA of more than 200 nucleotides, can regulate tissue homeostasis and pathophysiological conditions by interfering with gene expression, although the molecular mechanisms of lncRNAs in human disorders are still poorly understood^[@CR24],[@CR25]^. Our results indicated that lncRNA MBNL1-AS1 was overexpressed in the skeletal muscle cells of mice suffering from I/R injury after TKA. In fact, some scientists have stressed the advantages of using lncRNAs to improve the function of skeletal muscles^[@CR26]^. Thus, lncRNA MBNL1-AS1 might become an important target for the rehabilitation of I/R injury after TKA, although further studies are required to understand its underlying mechanisms.

Represented by immune and inflammatory responses, the patterns of lncRNA--mRNA co-expression have also been shown in muscle contraction^[@CR27]^. In our study, the co-expression patterns of lncRNA MBNL1-AS1 and KCNMA1 in the metabolism of skeletal muscle cells were also studied. We proved that KCNMA1 was negatively regulated by MBNL1-AS1, indicating that the role of MBNL1-AS1 in the protection of skeletal muscle cells against I/R injury might be associated with KCNMA1. As a type of gene encoding pore-forming potassium big-conductance calcium-activated (BK) channel proteins in the cell membrane, KCNMA1 mainly acts to maintain the intracellular and extracellular balance of K^+^ and Ca^2+^~,~ as well as to stabilize membrane potential and regulate the contraction of vascular smooth muscle cells^[@CR28]^. Moreover, a previous study demonstrated that KCNMA1 showed a positive effect on the survival of cardiomyocytes after I/R injury, while cardiac BK channels encoded by KCNMA1 could protect against I/R injury through the participation of reactive oxygen species (ROS)^[@CR29]^. In addition, the involvement of KCNMA1 in the modulation of excitability in skeletal muscles might explain the oxidative muscle injury and muscle atrophy caused by I/R injury after TKA^[@CR30]^. In addition, KEGG enrichment analyses indicated that KCNMA1 was enriched in the cGMP-PKG signaling pathway, which could regulate diverse cellular functions and gene expression patterns^[@CR31]--[@CR34]^. Such results were in line with a previous discovery showing that testosterone-induced relaxation of porcine coronary arteries relied on the activation of BK channels via the cGMP-PKG signaling pathway^[@CR35]^. In summary, we speculated that the expression of KCNMA1 increased by the down-regulation of MBNL1-AS1 opened the BK channels via the cGMP-PKG signaling pathway to protect skeletal muscle cells against I/R injury after TKA.

LDH not only promotes the interconversion of pyruvate and lactate but also serves as a key metabolite of skeletal muscle and promotes muscle mitochondrial functions^[@CR36]^. Further studies also demonstrated that extra-matrix LDH is strategically positioned within skeletal muscle fibers to functionally interact with mitochondria and that the suppressed mitochondrial pyruvate supply can inhibit mitochondrial respiration^[@CR37]^. A previous study also found that LDH activity is elevated in the plasma during I/R injury, consistent with our results^[@CR38]^. In the I/R group, skeletal muscle tissues showed necrotic muscle fibers and inflammatory cell infiltration, signs indicative of serious nuclear deformation and fibrinolysis. Moreover, it is well known that myocytes preconditioned by exposure to a PKG activator (Sp-8-Br-PET-cGMPS) show a marked decrease in DNA and LDH damage, either due to the direct activation of ATP-sensitive K^+^ channels or via the PKG signaling pathway, thus leading to cardioprotection^[@CR39]^. The increased levels of TNF-α and IL-1β, two circulatory markers of inflammation, in the serum at the early phase of reperfusion can further lead to more severe I/R injury through inflammatory response and oxidative stress^[@CR40],[@CR41]^.

In conclusion, our data may explain the mechanism underlying the effect of the down-regulation of MBNL1-AS1 and the subsequent promotion of the proliferation and inhibition of skeletal muscle cell apoptosis, as we found that the down-regulation of MBNL1-AS1 exerted its effect by up-regulating the expression of KCNMA1 and by activating the cGMP-PKG signaling pathway. As a result, the down-regulation of MBNL1-AS1 protected Sevo-pretreated mice against I/R injury after TKA. Although the factors and signaling pathways that regulate the metabolism of skeletal muscle cells are complicated and still poorly understood, we still believe our findings may provide a rational basis for the clinical application of MBNL1-AS1 as a target in the treatment of I/R injury after TKA.
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